The goal of this study is to characterize the hardness distribution and texture evolution in a friction stir welded oxide dispersion strengthened (ODS) ferritic steel. Hardness profiles were plotted by collecting data on the transverse cross section of the joint. The texture evolution and microstructure characteristics were studied by electron backscattering diffraction (EBSD). Results showed that regions near the bottom of the stir zone were the weak points in hardness, as those regions comprise coarser grains compared with the adjacent regions. EBSD results showed that the grain characterization (size, shape, and aspect ratio) varied within different regions and provided important insight into the material flow within the stir zone. EBSD results also revealed that textures within different regions presented some features of rotating coincidence. By suitable rotations of the poles figures, textures within different regions could superpose with each other almost exactly.
Introduction
The fusion and fission reactors are faced with important challenges, notably in the field of materials. A class of materials, susceptible to resist the anticipated severe environments, is the ODS (oxide dispersion strengthened) family, which are metallic alloys strengthened by a very fine oxide dispersion. 1) Oxide particles, which have excellent hightemperature stability and fine dispersoid distributions, provide the ODS steels with excellent resistance to neutron irradiation-induced swelling and high-temperature creep. 25) A barrier of these materials for application is their weldability. It has been found that conventional fusion welding methods can disturb the dispersion of the fine oxide particles in the alloy.
68) Hence, fusion welding methods are not applicable and should be substituted by better welding methods.
Friction stir welding (FSW), which was invented at The Welding Institute (TWI) Cambridge, is an attractive joining process. In outline, it involves a rotating tool consisting of a cylindrical shoulder and pin. The tool is plunged into the weld line until the shoulder contacts. Once the material is sufficiently hot, from frictional heating and plastic work, the tool traverses along the weld line and the hot plasticized material is extruded via the rotating pin, while constrained laterally by the surrounding colder metal and vertically between the shoulder and backing bar, to fill in behind the probe and form a joint. The FSW process has been described in detail elsewhere. 913) As FSW is a solid-state joining process, it avoids many of the issues associated with fusion welding, such as poor weld metal properties, porosity and hot cracking. 9) Besides these advantages mentioned above, in the case of welding ODS steel, FSW would make it possible to preserve the oxides dispersion in the metal matrix. Hence, FSW have been considered to be an alternative and promising way to weld ODS alloys.
In FSW process, as the welded metal has undergone the complicated welding thermal cycle and plastic flow, the microstructure and mechanical properties within the stir zone can be affected. The aims of this paper are twofold. Firstly, the hardness and microstructure of the welded ODS alloy were investigated, in order to reveal the relationship between these two aspects. Secondly, the grain characterizations and texture characteristics were studied by EBSD analysis, aiming to promote understanding of the material flow and texture evolution the ODS ferritic steel joint.
Experimental Procedure
The material used in this study is a 12Cr ODS ferritic steel with the composition tabulated in Table 1 . This material was produced by mechanical alloying where the Fe12Cr powder was mixed with the Y 2 O 3 powder by a high-energy attritor under an argon atmosphere. The resultant powder was subsequently consolidated by hot extrusion and forging at 1150°C to make a 13 mm diameter bar. The steel bar was then annealed at 1250°C for 1 h. A plate with size of 47.3 mm © 13.0 mm © 7.8 mm was cut from the center of the bar for hot-rolling. The rolling reduction was 62% and the rolling direction was parallel to the extrusion direction. After hot-rolling, the as hot-rolled plate was cut into a specimen with dimensions of 50 mm © 30 mm © 3 mm and was annealed at 1000°C for 1 h, then subjected to friction stir welding in a bead-on-plate configuration.
FSW was performed at Tohoku University, Japan. A polycrystalline cubic boron nitride (pcBN) stirring tool with a shoulder diameter of 14 mm, pin diameter of 6.9 and 2.8 mm pin length was used in welding process. The stirring tool was set vertically to the welding specimen (tool tilt angle was 0°). The traverse and rotation speeds used are 60 mm/min and 800 rpm. The hardness was investigated by Vickers hardness test. Microstructural and textural observations were undertaken on the transverse cross-section of the welds by optical microscopy (OM) and EBSD at Hokkaido university of Japan. The EBSD work was performed using a JOEL JSM-6500 FE-SEM with EBSD system, and the data processing was done by TSL Data Analysis 4.5 software. Figure 1 represents the evolution of hardness in the transverse cross-section of the welded 12Cr ODS joint. In order to reveal the characteristic of the hardness distribution, the testing points are arranged in line ①⑩ as shown in Fig. 1(a) . Curves of Fig. 1 (b) exhibit that regions beyond the stir zone have high values of hardness. Figure 1 (d) exhibits the hardness through the joint in the TD direction. The shape of this curve is asymmetrical and represents an obvious change in hardness within different zones of the joint. The curve drops sharply when moving towards the stir zone and reaches a minimum value nearby the stir zone on the advancing side of the joint. The shape of this curve can be described as a valley-type, which is typical in hardness distribution of the friction stir welded joint in the TD direction. Figure 1 Combined with hardness results, it can be inferred that the decrease in the hardness in position 3 is related to these microstructure changes.
Results

Hardness of the welded 12Cr ODS joint
Grain morphology and micro-texture
In order to investigate the grain shape and micro-texture, EBSD was used within different regions of the ODS joint. Test positions are presented in Fig. 3 . The overview analysis (Fig. 4) shows that the base metal comprises a typical hot rolling microstructure with coarse and elongated grains, while grains within the stir zone display obvious differences in the grain shape and crystal-size. At the weld center, grains are much finer than the initial grains and display some characteristics of equiaxed structure. Those finer and equiaxed grains can be attributed to the typical dynamic recrystallization within the welded center during FSW process.
1214)
Compared with the equiaxed grains at the weld center, grains are elongated on both sides of the center. The overview analysis of Fig. 4 also exhibits an apparent asymmetry when Fig. 1(a) .
comparing the advancing side with the retreating side. On the advancing side, the vortex-like structure is remarkably observed, while it is less obvious on the retreating side. The similar vortex-like structure has also been found in friction stir welded aluminium alloys and proved to be a characteristic of the advancing side in friction stir welded joint. 15) Furthermore, grains within the vortex-like structure on the advancing side exhibit higher aspect ratio, when comparing with grains on the retreating side. In particular, grains within the vortex-like structure seem to be elongated in some specific directions. The elongated direction of grains within each individual region is labeled with an arrow mark in Fig. 4 . The marked arrows exhibit a gradual change and seem to be arranged in a good organized way among different regions. Another intriguing aspect is that the elongated grains within each individual region seem to be parts of an ellipse and are arranged similar to the typical "onion ring" structure of the friction stir welded joint. Those characteristics in grain morphology may be attributed to the specific material flow during the FSW process. The related content is discussed in the next section of this study. Figure 5 exhibits the {001} and {101} pole figures within different regions corresponding with the testing positions in Fig. 3 . Within the regions, the {001} and {101} pole figures in shape are similar to each other, but differ from the initial texture of the base metal obviously. The differences in textures between these regions and the base metal can be attributed to the imposed welding-force and the welding thermal cycle during FSW process. However, the similarity in texture of the regions is intriguing. Particularly, by suitable rotations of the poles figures, textures can correspond with each other almost exactly. In order to exhibit this aspect clearly, a predominant texture is chosen and marked with a labeled line in each {101} pole figure as shown in Fig. 5 . The angle between the labeled line and the ND direction in each {101} pole figure is measured and tabulated as Table 2 . Results show that the angle almost gradually increases as the test position removing from the weld center to the base metal.
Discussion
In FSW process, the metal within the stir zone not only Fig. 2 Microstructures of the marked positions in Fig. 1(a) . undergoes specific welding thermal cycle, but also suffers complicated welding force imposed by the stirring tool. The temperature distribution and imposed plastic deformation are inhomogeneous within different welding regions. Those inhomogeneities directly affect the material flow during welding process, and finally reflect in the grain morphology and micro-texture of the welded regions. Microstructure results in Fig. 2 have showed that there are obvious layers with different grain sizes among the adjacent areas. These phenomena could be mainly attributed to the plastic flow of the transferred metal during welding process. The transferred metal, which is driven by the tool shoulder and stir pin, flows layer by layer.
1619) Inevitably, complicated interactions could be formed among different layers. As the interactions are inhomogeneous, the non-uniform deformations and plastic strains could be induced among different layers. Therefore, the grain states within each layer could be varied. Grains within the layers deformed under high strain conditions could be smaller than those within the regions deformed under low strains.
As the grains follow the movement of the material during welding process, the material flow could significantly affect the grain morphology. In order to investigate the interrelationship between the metal flow and the grain state, the metal flow pattern on the cross section of the stir zone is diagramed as Fig. 6 .
16) The positions of EBSD test in Fig. 3 are located within the marked rectangle in Fig. 6 . An intriguing aspect can be found that the elongated direction of grains (as shown in Fig. 4 ) is in agreement with the flowing direction of the material within each region. The grains in the test poison position A 3 , where the region is near the edge part of the stir zone on the advancing side, exhibit an obvious elongated direction paralleled with ND direction, meanwhile the flowing material shows a movement in the same direction. Such phenomenon could also be obviously found in other regions (A 1 , A 2 and R 1 ).
However, the similar phenomenon does not happen at the center of stir zone, as the center region is almost comprised by equiaxed grains as shown in EBSD result. It may result from the weaker vertex flow at the weld center, when comparing with the non-center regions. Furthermore, EBSD results of the grain morphology (Fig. 4) show that the grains on the advancing side are elongated more drastically than the retreating side. It could be attributed to the different flow patterns between those two sides. As shown in Fig. 6 , on the advancing side the flow metal almost rotates in similar direction, while the flow metal from both sides with different rotating directions collides with each other on the retreating regions. Hence, the movement of the flow metal on the retreating side is not drastic. As a result, the welded regions on the retreating side exhibit less flowing characteristics.
The different flow patterns between the advancing side and retreating side may result from the varied welding force imposed by the stir tool. During FSW process, on the advancing side the rotating stress have the stress components in same direction with the feeding stress imposed by the feed of the stirring tool in the welding direction, while those two stresses are opposite on the retreating side. The force analytical graph is shown as Fig. 7 . Based on the process kinematics, the imposed welding force and plastic strain on advancing side of the welded region could be higher than the retreating side. As the imposed force on the advancing side is more drastic, more friction heat can be generated on this side, hence the advancing side has higher temperature compared with the equidistant position on the retreating side. With more drastic welding force and higher temperature, the flow metal on the advancing side flows more drastic, and grains on the advancing side are easily elongated and show more flowing characteristics than the retreating side.
The specific force and temperature distribution of FSW process can not only affect the metal flow and grain Fig. 3 . Fig. 6 The metal flow pattern of the stir zone. 15) morphology, but can also change the textures within different regions of the joint. Evidence has been stated as the texture results (Fig. 5) . As the grains follow the movement of the material during welding process, the superimposed characteristic of the textures after suitably rotated may also be attributed to the specific material flow. The previous works have found that the plastic metal regularly rotates layer by layer around the stirring tool during welding.
1719) In addition, with slow traverse speed (60 mm/min) and high rotation speed (800 rpm) of this study, the tool has very small advance per revolution. Therefore, the flow metal can sufficiently rotate around the tool during welding and tend to exhibit some regular characteristics of the rotation within the stir zone. Furthermore, when the stirring tool is rotating, it has the maximum and minimum value of the rotation speed near the geometry of the outer shape and the axis of the stirring tool, respectively. According to the process kinematics, the maximum and minimum value of the rotating shear force imposed by the stirring tool may also occur near the shape-edge and the axis of the stirring tool, respectively. Hence, in Fig. 5 the needed rotation angle for superimposing the test texture to the center texture is bigger, when the test position is closer to the outer shape of the stir tool.
It should be also argued that the superposition of the ND direction and the rotating axis of the stirring tool in this study could also contribute to visibly exhibit the superimposed characteristic of textures. Probably, if the rotating axis of the stirring tool is not coincident with the ND direction (e.g., the welding tool was tilted 13 degrees from the ND direction), the superimposed characteristic of textures may be more complicated and should be observed in the specific direction. The related work is in process.
Conclusion
(1) Under the welding condition of this study, the hardness exhibits a typical "valley-type" distribution across the transverse section of the ODS joint. Regions near the bottom of the nugget zone are the weak points in hardness, as those regions comprise coarser grains than the adjacent regions.
(2) Grains within the stir zone remarkably exhibit characteristics of recrystallization and material flow, while the initial metal comprises a typical hot rolling microstructure with coarse and elongated grains.
(3) In the stir zone, grains are elongated in the direction of the material flow. Grains on the advancing side have higher aspect ratios than the retreating side, as the material flow on the advancing is more drastic.
(4) Textures of different welded regions present some characteristics of rotating coincidence. By suitable rotations of the poles figures, textures can superpose with each other almost exactly.
